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INTRODUCTION
Temperate forests represent a globally important stock of carbon (C), and a significant portion of this pool is formed by recalcitrant plant polymers, mainly cellulose, hemicelluloses and lignin. Wood represents the largest pool of plant biopolymers: while the wood of living trees has important structural and functional roles and is largely protected against microbial breakdown, dead wood represents an important source of C, energy and other nutrients. Despite the high variation in stock across forests (Baldrian 2017a) , the global amount of coarse woody debris (CWD) is estimated at as much as 36-72 Pg of C (Magnússon et al. 2016) , and its importance for global nutrient cycling is obvious. The dead wood stock within forests has its own temporal dynamics, including accumulation caused by windthrows, beetle outbreaks, fire or other processes followed by subsequent decay when the dead wood material is partly mineralised and partly transformed, contributing to the formation of soil organic matter (Přívětivý et al. 2016) . Tree dieback allows for stand replacement, and dead wood supports the existence of complex saproxylic food webs and soil formation. The stock of dead wood in temperate Europe is especially high in natural, unmanaged forests where it typically reaches several hundreds of m 3 ha −1 (Hahn and Christensen 2004) and reaches up to 1200 m 3 ha −1 , an amount comparable to the stock of living trees (Stokland, Siitonen and Jonsson 2012) . Due to the high amount of organic C, dead wood represents a potentially rich resource for microbial decomposers; however, it is also a highly specific habitat. Compared to litter or soil, dead wood is much more unevenly distributed and possesses specific characteristics, especially in the initial stages of decomposition, such as a low amount of N and being physically impermeable, which both negatively affect the decomposition rate (Baldrian 2017a) . Due to the properties of dead wood, decomposition has always been assumed to be dominated by saprotrophic fungi that are favoured due to their filamentous growth, lower demand of N compared to bacteria and ability to translocate nutrients and produce multiple classes of enzymes that decompose wood biopolymers (van der Wal et al. 2007; Rajala et al. 2011; Kubartová et al. 2012; Eichlerová et al. 2015) . This assumption is supported by the observed abundance of fungal biomass in decomposing wood Rinta-Kanto et al. 2016) . Although the presence of bacteria in dead wood was noticed relatively early (reviewed in Clausen 1996) , it was only the arrival of the high throughput sequencing of nucleic acids that allowed surveys of bacterial communities in dead wood at an increased depth and with finer taxonomic resolution and provided the tools to analyse the genes and genomes of these bacteria (Johnston, Boddy and Weightman 2016) .
The first few reports on bacteria associated with dead wood indicated some candidate drivers of their community composition including water and N content, pH and density (Lladó, López-Mondéjar and Baldrian 2017) . Bacterial communities were reported to be influenced by the succession stage of the decaying wood, as well as by the relative moisture, pH and the C/N ratio. Furthermore, community composition and dynamics were reported to be tree species-specific; Actinobacteria and Firmicutes decreased with time in Fagus sylvatica and Picea abies, Bacteroidetes decreased only in P. abies and Gammaproteobacteria decreased in F. sylvatica (Hoppe et al. 2015) . As decomposition proceeds, the dead wood density decreases, while the bacterial diversity and abundance in Pinus sylvestris and P. abies were reported to increase (Kielak et al. 2016; Rinta-Kanto et al. 2016) . Similar successional patterns towards advanced decay of plant biomass with increasing bacterial dominance were also observed during leaf litter decomposition (Tláskal, Voříšková and Baldrian 2016) . It should be noted that both in litter and dead wood, bacteria are under the influence of fungi whose community also undergoes profound changes in composition and abundance (Voříšková and Baldrian 2013; Baldrian et al. 2016) .
Due to the direct contact of fallen dead wood and soil, these forest habitats influence each other, and this interaction affects the dead wood decomposition rates (Přívětivý et al. 2016 ) and the transfer of wood derivatives into the underlying forest floor (Stutz et al. 2017) . The soil also represents a source of microbial inoculum for dead wood (van der Wal et al. 2007; Sun et al. 2014; Mäkipää et al. 2017) . This is highly important if we consider the fact that the forest topsoil is rich in bacterial decomposers of plant biopolymers and fungal mycelia (Brabcová et al. 2016; López-Mondéjar et al. 2016; Lladó, López-Mondéjar and Baldrian 2017) .
The initial C/N ratio in dead wood is high but decreases with time (Rajala et al. 2011; Hoppe et al. 2015; Baldrian et al. 2016) . Recently, it was demonstrated that the increase of N (as either relative or absolute content) is a result of multiple processes, including C mineralisation and loss, translocation of N from the soil by fungi and, importantly, the activity of bacteria that fix atmospheric N 2 (Rinne et al. 2017) . Some of the N-fixing bacteria are also methylotrophs (Folman et al. 2008; Vorob'ev et al. 2009) , and this combination of traits proves specifically useful in dead wood where methanol and methane occur as products of wood decomposition. The ability to use these C1 compounds, which are otherwise rare, represents a clear competitive advantage (Lenhart et al. 2012) .
Due to their high abundance in dead wood, the mycelia of fungi represent an important nutrient pool that is attractive for bacteria because of its lower recalcitrance and higher N content compared to lignocellulose (Brabcová et al. 2016) . The fact that one of the major components of the fungal cell wall, chitin, contains both C and N in a stoichiometric ratio close to that of the bacterial biomass makes it a convenient resource (de Boer et al. 2004; Rudnick, van Veen and de Boer 2015) . Soil bacteria from a wide range of phylogenetic groups are able to utilise the fungal biomass in forest topsoil (Brabcová et al. 2016) , and they would be expected to find suitable conditions in dead wood as well. Close coexistence of certain bacteria with living fungi in dead wood may also be expected. For example, the bacterial family Burkholderiaceae was repeatedly described in association with wood-decay fungi (Folman et al. 2008; Valášková et al. 2009; Hervé et al. 2013; Prewitt et al. 2014; Sun et al. 2014) . Bacteria can thrive as commensals by using hyphal exudates or products of wood decomposition performed by fungi (Hervé et al. 2016b) , by utilizing organic acids produced by fungi (Daniel, Pilsl and Drake 2007; Hervé et al. 2016a) , or simply by benefiting from the competitive advantage given to them by wood acidification, as is the case for the Acidobacteria recorded in acidic dead wood colonised by fungi (Valášková et al. 2009 ).
The aim of this study was to describe the bacterial community in dead wood in a natural temperate forest, identify its drivers and follow its development during dead wood decomposition. The study was aided by the fact that historical surveys of the study site allowed the dating of individual CWDs. Within the decomposing dead wood, the presence of bacterial taxa with traits relevant to the utilisation of certain classes of resources may indicate their potential ecological or nutritional strategies, such as the ability to utilise cellulose or the fungal biomass or to fix N 2 .
MATERIALS AND METHODS

Study area and dead wood data collection
The study area was located in the Novohradské Hory mountains, specifically in the 25-ha Zofin ForestGEO R Dynamics Plot (www.forestgeo.si.edu), which is part of the 42-ha core zone of theŽofínský prales National Nature (Král et al. 2010; Šamonil et al. 2013) . The representation of F.
sylvatica, P. abies and A. alba is much more even in the dead wood population, in which they represent 23.6%, 43.7% and 31.4% of the total volume, respectively (Král et al. 2014) . The positions of all trees with diameter at breast height (DBH) values ≥10 cm and selected tree parameters (tree species, DBH, tree status-live/dead, standing/lying, snag, breakage, windthrow, stump, etc.) were recorded repeatedly in 1975, 1997, 2008 and 2013 , and a stem-position (including lying dead wood) map resulted from each census (Král et al. 2010) . The information on dead wood and the records about the corresponding trees when alive allowed us to track the fate of individual CWD and to randomly select debris with appropriate properties.
Tree selection and sampling of dead wood
Preselection of trees and sampling was done in the context of a previous study that focused on fungal communities in the same CWD . Briefly, CWD of three species (F. sylvatica, P. abies and A. alba) with DBH values between 30 and 100 cm in the year when the tree was first recorded as dead and lying (1975, 1997, 2008 or 2013) were evenly chosen to cover all diameter classes and all decay lengths (also referred to as age classes). Trees decomposing as standing snags were omitted to exclude CWD with unclear decay lengths. The CWD types were designated beech, fir or spruce, indicating the CWD tree species (CWD species) and as having a decay length of <5, 5-15, 16-38 or >38 years. The distance between the closest sampled logs typically ranged in the tens of metres.
Four CWD samples were obtained from each selected log in October 2013 using an electric drill with a bit diameter of 8 mm. The length of each CWD (or the sum of the lengths of its fragments) was measured, and samples were collected at 1/5, 2/5, 3/5 and 4/5 of the CWD length. Drilling was performed vertically from the middle of the upper surface to a depth of 40 cm. The drill bit was sterilised between drillings, and sawdust was collected in batches from two adjacent drill holes in sterile plastic bags and frozen within a few hours after drilling.
Sample processing, chemical and enzyme analyses
Dead wood samples were processed as described previously . Briefly, the sawdust material was weighed, freeze-dried and milled using an Ultra Centrifugal Mill ZM 200 (Retsch, Germany). The resulting fine sawdust was used for subsequent analyses. The dry mass content was measured as a loss of mass during freeze drying, and the pH was measured in distilled water (1:10). The wood C and N contents were measured in an external laboratory. Total ergosterol was extracted using 10% KOH in methanol and was analysed by HPLC (Šnajdr et al. 2008) . Klason lignin content was measured as dry weight of solids after hydrolysis with 72% (w/w) H 2 SO 4 (Kirk and Obst 1988) . Enzyme activities of endocellulase, cellobiohydrolase (exocellulase), β-glucosidase, endoxylanase, β-xylosidase, β-galactosidase, α-glucosidase, N-acetylglucosaminidase, phosphomonoesterase (phosphatase), esterase (lipase), laccase and Mn-peroxidase were measured in a previously published study .
DNA extraction and amplification
Total genomic DNA was extracted from 200 mg of pooled material from two adjacent drill holes using the NucleoSpin Soil Kit (Macherey-Nagel, Düren, Germany) in the procedure of the previous study ). This extracted DNA was then used as a template for the amplification of the hypervariable region V4 of the 16S rRNA gene using the barcoded primers 515F (5'-GTGCCAGCMGCCGCGGTAA) and 806R (5'-GGACTACHVGGGTWTCTAAT) (Caporaso et al. 2011) . PCR amplification was performed as described previously (Žifčáková et al. 2016) . Triplicate PCR reactions contained 2.5 μL of 10×buffer for DyNAzyme DNA Polymerase; 0.75 μL DyNAzyme II DNA polymerase (2 u μL −1 ); 1.5 μL of BSA (10 mg Bacterial and fungal rRNA gene copies were quantified by qPCR using the 1108f and 1132r primers for bacteria (Wilmotte, Van der Auwera and De Wachter 1993; Amann, Ludwig and Schleifer 1995) and FR1 and FF390 primers for fungi (Prévost-Bouré et al. 2011) . The fungal/bacterial rRNA gene ratio (F/B) was calculated by dividing rRNA gene copy numbers.
Bioinformatic workflow and statistical analyses
The sequencing data were processed using SEED v 2.0.3 (Větrovský and Baldrian 2013a) . Briefly, pair-end reads were merged using fastq-join (Aronesty 2013) . Sequences with ambiguous bases were omitted, as well as sequences with a mean quality score below 30. Chimeric sequences were detected using UCHIME implementation in USEARCH 7.0.1090 (Edgar et al. 2011) and were deleted, and sequences shorter than 200 bp were removed. Filtered sequences were clustered using the UPARSE algorithm implemented in USEARCH 7.0.1090 (Edgar 2013) at a 97% similarity level. Consensus sequences were constructed for each cluster using MAFFT 7.130 (Katoh et al. 2005) , and the closest hits at a genus or species level were identified using BLASTn 2.5.0 against the Ribosomal Database Project (Cole et al. 2014) and GenBank databases (database versions from January 2016). Sequences identified either as no hits or as nonbacterial were discarded. From the 16S rRNA in the DNA, bacterial genome count estimates were calculated based on the 16S rRNA gene copy numbers in the closest available sequenced genome as described previously (Větrovský and Baldrian 2013b) . Adjustment was based on RDP 16S rRNA database training set 16 (Cole et al. 2014) . Sequence data have been deposited into the MG-RAST public database (Meyer et al. 2008 ; dataset number mgp82275).
Diversity estimates, such as the Shannon-Wiener index, the Chao-1 and the Evenness index were calculated for a data set containing 3000 randomly chosen sequences per sample to eliminate the effect of sampling effort. Ordination of bacterial taxa in the context of time and environmental factors were visualised using nonmetric multidimensional scaling (NMDS) using vegan package 2.4-3 (Oksanen et al. 2017) activities were analysed using the Mantel test (vegan package) using the Bray-Curtis dissimilarity for Hellinger-transformed OTU abundances and Euclidean distances for enzyme activities. Variation partitioning (vegan package) was used to infer the influence of environmental factors on Hellinger-transformed dominant OTU abundances. PERMANOVA with 9999 permutations (vegan package) was used to infer significant influences of environmental factors on Hellinger-transformed OTU abundances. Transformation was done in order to lower the influence of extreme values. Indicator species analysis was performed using the indicspecies package 1.7.6 (De Caceres and Legendre 2009). The Kruskal-Wallis rank sum test with Bonferroni corrected P-values from the agricolae package 1.2-4 (de Mendiburu 2016) was used to test for significant differences among observed abundances. Pearson correlation coefficients from the same package were used to test for correlations between environmental factors. Differences at P < 0.05 were regarded as statistically significant.
RESULTS
The content of N (P < 0.0001) and the content of fungal biomass (i.e. ergosterol content, P < 0.005) increased with CWD age, while the pH decreased (P < 0.0001); in addition, the dead wood of coniferous trees exhibited significantly lower pH values than that of beech CWD (P < 0.0001) . The content of Klason lignin increased significantly with CWD age (P < 0.0001) from 31% to 33% in the <5 and 5-15 age classes to 44-46% in the 16-38 and >38 classes. Beech CWD showed consistently lower lignin contents (mean of 33.0%) than fir and spruce CWD (means of 40.9% and 41.4%, respectively, P < 0.005, Fig. 1 ). The water content was significantly higher in CWD from the two older age classes (P < 0.0001).
The median F/B ratio was approximately 1 in the two younger classes but dropped in the two older classes to 0.5-0.6. When comparing tree species, the highest F/B ratio of 1.2 was recorded in fir CWD, compared to 0.7 and 0.6 in spruce and beech CWD, respectively. Occasionally, very high F/B ratios were recorded in certain samples: in seven CWD samples this ratio was even higher than 10, showing high variability in the composition of the microbial biomass in dead wood. Importantly, the copy numbers of bacterial gene for 16S rRNA showed a highly significant positive correlation with N content (R = 0.246, P < 0.01).
In total, 669,260 bacterial sequences were obtained and clustered into 21,260 OTUs. The most abundant bacterial taxa, irrespective of tree species and age class, were Acidobacteria, Alphaproteobacteria, Actinobacteria and Gammaproteobacteria, followed by Verrucomicrobia, Bacteroidetes, Betaproteobacteria and Firmicutes ( Fig. 2A) . The distribution of dominant bacteria among trees and age classes was fairly even: at least 25% of the total bacterial communities across tree species and age classes were composed of genera that exhibited a high abundance of >3% in >15 samples (except for the age class 5-15 from beech CWD, in which the abundance of dominant genera was 20.7%). Relative abundances of several dominant genera showed significant associations with certain sample classes; Cellulomonas (Actinobacteria) exhibited higher abundances in the two younger age classes (P < 0.0001). Rhodococcus (Actinobacteria), Sphingomonas (Alphaproteobacteria), Terriglobus (Acidobacteria) and Yersinia (Gammaproteobacteria) were also more abundant in younger dead wood (P < 0.001 in all cases). On the other hand, Rhodoplanes (Alphaproteobacteria) and Thiogranum (Gammaproteobacteria) were more abundant in the two older age classes (P < 0.0001 in both cases). Thiogranum further prevailed in conifers over beech CWD (P < 0.01) as did the two acidobacterial genera Acidipila and Telmatobacter (P < 0.0001 in both cases), while the opposite was true for Cellulomonas (P < 0.01; Fig. 2B ). No significant differences in diversity or community evenness were observed among trees and dead wood age classes. The average number of those OTUs with relative abundances ≥3% of the detected sequences per sample was 3.6 (Fig. 3) . The core OTUs that were present at a basal threshold in the majority of the samples throughout all age classes belonged to the orders Rhizobiales (Bradyrhizobium, Beijerinckia, Methylocapsa) and Acidobacteriales (Acidipila, Bryocella, Acidobacterium). Several OTUs were significantly associated with distinct age classes of CWD as indicated by their presence as a high proportion of findings for such CWD (fidelity, according to indicator species analysis) and simultaneous absence in CWD of other age classes (specificity; Table 1 ). OTUs with the closest association with the age class <5 were assigned to Yersinia (Gammaproteobacteria) and Variovorax (Betaproteobacteria). Methylomonas (Gammaproteobacteria) and Prosthecobacter (Verrucomicrobia) were the best indicators of the 5-15 years age class, while Opitutus (Verrucomicrobia), Telmatobacter (Acidobacteria) and other genera of Acidobacteria were the best indicators of the 16-38 years age class. The oldest logs were characterised by the presence of Aquisphaera (Planctomycetes), Steroidobacter (Gammaproteobacteria) and Rhodoplanes (Alphaproteobacteria). The quantitatively dominant OTUs in individual logs were often among the indicators for a particular age class and often reached high levels of dominance in particular CWD ( Fig. 3; Fig. S1 , Supporting Information). For example, this was the case for OTUs from the genera Telmatobacter (up to 26.9% in single <5 CWD), Dyella (up to 19.9% in <5 CWD), Sphingomonas (up to 16.7% in 5-15 CWD), Cellulomonas (10.4% and 8.9% in two 5-15 CWD), Opitutus (up to 5.4% in 16-38 CWD), and Thiogranum and Rhodoplanes (up to 22.5% and 8.2% in >38 CWD, respectively).
Visualisation of samples in the ordination space according to NMDS reflected the successional development of bacterial communities in CWD (Fig. 4A) . While bacterial communities in CWD younger and older than 15 years were separated, the younger two and older two age classes of CWD showed high levels of overlap. While the CWD age and pH separated the samples along the first axis, the N content, ergosterol content and F/B ratio correlated significantly with the second axis. NMDS ordination of abundant OTUs confirmed the differences in the composition of bacterial communities among age classes younger and older than 15 years (Fig. 4B ). According to PERMANOVA, age class was the strongest recorded driver of bacterial community composition (adjusted R 2 = 0.060, P < 0.0001) followed by pH (adjusted R 2 = 0.028, P < 0.0001) and water content (P = 0.0007). Significant effects were also found for the F/B ratio (P = 0.0165) and the lignin content (P = 0.0319), while the effects of tree species and N were not significant. Variation partitioning showed that wood chemistry (pH, water content, carbon, nitrogen and lignin content) is a significant driver of community composition, and explains 5.1% of total variation. Additional variation was explained the most by wood chemistry combined with age class and tree species, which altogether accounted for an additional 13.3% of the explained variation. According to the Mantel test, there were no correlations between the activities of individual enzymes and the composition of the bacterial community, except for β-glucosidase activity (R = 0.1, P < 0.05).
DISCUSSION
Bacterial diversity did not change among CWD age classes, which was consistent with the results of a fungal community analysis but different from the reports on bacterial community development in pine wood (Kielak et al. 2016; Rinta-Kanto et al. 2016) . Even CWD from <5 years age class already hosted a heterogeneous and diverse bacterial community, and it is apparent that despite the physical impermeability of fresh dead wood, both fungi and bacteria are able to colonise dead wood rapidly. In comparing the composition of bacterial communities in the decomposing CWD of this study with the fungal composition , multiple substantial differences are observed. First, fungal communities are often highly specific for each individual log: as many as 57 different fungal species were found to be quantitatively the most dominant in at least one log, and in many cases, the sequences of the dominant fungus represented >40% of all sequences. In addition, many of these locally abundant species occurred on only a few CWDs . Bacterial communities did not show such a high dominance by individual OTUs, but in certain CWDs, the abundance of dominant bacterial OTUs was still high, often >10%, and dominant taxa encompassed members of the groups Acidobacteria, Alphaproteobacteria, Gammaproteobacteria, Bacteroidetes and Verrucomicrobia (Fig. S1 , Supporting Information). This makes the dead wood habitat different from that of the soil or litter of temperate forests, in which the dominant bacterial OTUs typically represent <4% of the total community, and the community composition does not show high spatial variation (Baldrian et al. 2012; López-Mondéjar et al. 2015) . Unlike in fungal community, the most abundant bacterial OTUs were present in most CWDs. Of 30 dominant fungal and bacterial OTUs, each CWD contained on average 26 bacterial and 8 fungal OTUs (Fig. S2, Supporting Information) . This result indicates a lower level of stochasticity in the bacterial community assembly compared to the fungal community assembly, which is in line with observations in forest litter and soil (Štursová et al. 2016) .
The age of the CWD and pH was shown to affect the bacterial community most significantly. However, the factors of age and chemistry are not independent, and variation partitioning indicated that the direct effect on bacterial community composition was only significant for chemistry (modelled as the combined effect of pH, water content, carbon, nitrogen and lignin content). Neither the effect of N content alone nor that of CWD tree species that significantly shaped the composition of fungal communities , affected bacterial community composition. The stronger association of fungi with wood of different tree species in dead wood may indicate their higher nutritional dependence on substrates of a certain quality and thus their important role in decomposition (Baldrian 2017a) .
Among the drivers of bacterial community composition, pH was the most important. This finding is not surprising since the same driver is also important for soil bacterial communities (Rousk et al. 2010) . In dead wood, acidification is the result of fungal activity, especially that of white rot fungi, which were highly abundant in the CWDs of the study . Fungi need acidic conditions for optimal functioning of the lignocellulose degrading enzymes (Baldrian 2008 ) and acidify dead wood through the secretion of organic acids such as oxalate (Jarosz-Wilkolazka and Graz 2006) . However, the bacterial relationship with fungi goes beyond modulation of pH. Several bacterial taxa are able to degrade either live or dead fungal mycelia as previously demonstrated in forest litter (Brabcová et al. 2016; Tláskal, Voříšková and Baldrian 2016) . Here, the F/B ratio was a significant factor that affected the bacterial community composition in a different way than pH did (Fig. 4A) , suggesting that there are multiple mechanisms by which fungi affect wood-associated bacteria. Some manipulative studies indicate that bacterial communities may be specific to certain fungal taxa (Folman et al. 2008; Hervé et al. 2016b) . However, the cooccurrence patterns of fungi and bacteria in dead wood are still unexplored. While a specific bacterial community was reported in natural wood colonised by Hypholoma fasciculare (Valášková et al. 2009 ), our results indicate little difference in bacterial communities in CWD dominated by different fungi (Fig. S2 , Supporting Information); thus, the specificity of associations between fungal and bacterial taxa appears limited.
Although N content was not significantly associated with the composition of the bacterial community, it was positively correlated with bacterial 16S rRNA gene copy numbers. This result supports the view that bacteria face N limitation, especially in fresh wood with a high C/N ratio (Hoppe et al. 2015) . Together with N, the bacterial biomass increased and the F/B ratio decreased during CWD decomposition in a similar way as observed during litter decomposition, yet on a very different timescale (Šnajdr et al. 2011; Baldrian 2017b) . Despite decreasing F/B ratio, increase in ergosterol content with decomposing time was recorded . The fact that the effects of ergosterol and F/B were divergent in multidimensional ordination may indicate that bacterial biomass increases more rapidly with time than fungal biomass and F/B thus decreases.
The bacterial community in dead wood showed a successional change that likely reflected the change in substrate chemistry. In contrast to the gradual succession observed for fungi, bacterial communities from the two younger and two older CWD age classes were rather similar, and the most important transition occurred after year 15 of CWD age.
At the beginning of decomposition, some bacteria are able to fix atmospheric N 2 as a consequence of N limitation (Hoppe et al. 2014) . This process was shown to contribute to N enrichment, and the amount of N accumulated through fixation may be significant under certain conditions (Rinne et al. 2017) . This may theoretically be the case for Yersinia, which represents an indicator OTU in CWD <5, since soil isolates from the same genus were able to fix N 2 (Elo et al. 2000) . Methylotrophy is another adaptation to the conditions in dead wood (Lladó, López-Mondéjar and Baldrian 2017) . The metabolism of C1 compounds enables bacteria to use by-products of wood decomposition as a carbon source (Folman et al. 2008) and is possibly connected with N-fixation (Zehr et al. 2003; Vorob'ev et al. 2009 ). Some taxa belonging to the core OTUs in our study (order Rhizobiales, genera Bradyrhizobium, Beijerinckia, Methylocapsa) were described as utilisers of C1 compounds with strategies such as facultative methylotrophy and obligate methanotrophy (Tamas et al. 2013; Morawe et al. 2017) . The order Rhizobiales was consistently previously found to be associated with dead wood (Folman et al. 2008; Hoppe et al. 2015) . Additionally, one of the indicator OTUs in the fresh CWDs belonged to the genus Methylomonas, known for its utilisation of C1 compounds (Radajewski et al. 2002) . Another OTU specific for fresh CWD belonged to the genus Luteibacter, previously described as being associated with P. chrysosporium (Hervé et al. 2013 ) and already previously detected in fresh wood (Noll et al. 2010) . Although neither N-fixation nor methylotrophy was described for this genus, a close association with fungi can be meaningful for the exchange of metabolites such as glycerol or oxalic acid (Bravo et al. 2013; Nazir et al. 2013) or may allow the bacterium to use wood degradation products such as cellobiose (Berlemont and Martiny 2013) . However, Luteibacter was also described as cellulolytic (López-Mondéjar et al. 2016) .
In older CWD, members of the phylum Acidobacteria (Telmatobacter, Candidatus Solibacter, Acidicapsa and Acidipila) appeared among the indicators of 16-38 CWD age class. One species of Telmatobacter, T. bradus, was described as a slow-growing species capable of degrading crystalline cellulose (Pankratov et al. 2012) . Generally, members of Acidobacteria were abundant in this study, and some of them (Acidipila, Bryocella, Acidobacterium) belonged to the core OTUs. Acidobacteria were also described as abundant in dead wood from another temperate mixed forest (Hoppe et al. 2015) . Moreover, Acidobacteria was shown to be a dominant and metabolically active group in soil (Žifčáková et al. 2016) , which likely served as its reservoir. The fact that Acidobacteria exhibited by far the highest production of lignocellulose-decomposing enzymes among bacterial isolates from acidic soil (Lladó et al. 2016) suggests that Acidobacteria may contribute to the degradation of plant polysaccharides in dead wood.
The oldest age class of CWD after >38 years of decomposition hosted indicator OTUs assigned to the genus Steroidobacter, typically present in high abundances in forest soils (Baldrian et al. 2012; Štursová et al. 2012) and detected in the mycorrhizosphere (Uroz et al. 2012) . Another indicator taxon, Bradyrhizobium, is also a soil autotroph that possibly has the ability to fix nitrogen (VanInsberghe et al. 2015) . Another indicator of advanced decay, Rhodoplanes, is a phototrophic bacterium (Chakravarthy et al. 2012 ) that is also abundant in forest soil (Baldrian et al. 2012) . The late phase of decomposition is characterised by significant disintegration of most logs (Fraver et al. 2013) , which can result in the direct contact and mixing of dead wood with soil. This phenomenon, together with the appearance of ectomycorrhizal fungi in late wood decay, (Rajala et al. 2012) appears to be the reason why bacterial communities in old dead wood and soil overlap substantially.
Importantly, the unmanaged sampling site allowed us to focus on CWD in its natural conditions even long after the death of a tree. Our results show that several bacterial taxa are adapted to the dead wood habitat. In addition to taxa that are constantly present throughout decomposition, there are bacterial specialists for early and late decay, the former containing potential nitrogen fixers and methylotrophs and the latter including soil bacteria. Unlike fungi, bacteria are less stochastically distributed and have a more homogenous community composition that is influenced by substrate chemistry and is at least partly modulated by the presence of fungi. Bacterial biomass appears to be strongly influenced by N availability, suggesting that the high C/N ratio of fresh dead wood limits bacterial growth. Despite these findings, several questions remain open. These include what the contributions of bacteria to N accumulation in dead wood and to biopolymer decomposition are as well as what the importance of mycophagy is for the bacterial community. Further research on the traits of dominant bacterial taxa and their in situ activity will be needed to address these questions.
